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Abs t rac t  

Subnanosecond t ime s y n c h r o n i z a t i o n  be tween  two r e m o t e  
r u b i d i u m  f r e q u e n c y  s t a n d a r d s  i s  v e r i f i e d  by a t r a v e l i n g  
c l o c k  compar i son ,  Us ing  a  n o v e l ,  code  i g n o r a n t  G l o b a l  
P o s i t i o n i n g  Sys t em (GPS) r e c e i v e r  d e v e l o p e d  a t  J P L ,  t h e  
SERIES g e o d e t i c  b a s e l i n e  measurement  system is app l i ed  t o  
e s t a b l i s h  t he  o f f s e t  between t h e  1 Hz. o u t p u t s  of t h e  remote 
s tandards,  Resul t s  of t h e  two in te rcompar i son  exper iments  
t o  d a t e  a r e  presen ted  a s  w e l l  a s  exper imenta l  d e t a i l s .  

INTRODUCTION 

T r a v e l i n g  c l o c k  i n t e r c o m p a r i s o n s  w i t h  b e t t e r  t h a n  a nanosecond 
agreement demonstrate  t h a t  t ime  synchroniza t ion  i s  now p o s s i b l e  u s ing  
a  new technique. The technique i s  known as S a t e l l i t e  Emission Range 
I n f e r r e d  E a r t h  S u r v e y i n g  (SERIES) and  was d e v e l o p e d  a t  t h e  J e t  
P r o p u l s i o n  L a b o r a t o r y  by a g r o u p  w i t h  a  background i n  Very Long 
Base l ine  I n t e r f e r o m e t r y  (VLBI,) The t r a d i t i o n a l  sou rces  f o r  VLBI a r e  
q u a s a r s ,  d i s t a n t  and dim a s t r o n o m i c a l  o b j e c t s .  The q u a s a r  s i g n a l  
s t r e n g t h s  a re  f i v e  o r  s i x  o r d e r s  o f  m a g n i t u d e  less  t h a n  t h e  GPS 
s a t e l l i t e  s igna ls .  Using b r i g h t e r  sou rces  pe rmi t s  r e l a x i n g  t h e  severe 
d i s c i p l i n e  imposed on V L 5 I  r e sea rche r s ,  such a s  l ong  obse rva t ion  times 
a s  w e l l  as high i n s t r u m e n t a l  and frequency s tandard  s t a b i l i t i e s .  The 
m a j o r  d e p a r t u r e  f rom t h e  VLBI a p p r o a c h  i s  t h e  a b s e n c e  o f  any  b i t  
stream a l i g n m e n t  o r  c o r r e l a t i o n  i n  t h e  d a t a  r e d u c t i o n  s t a g e .  The 
major i n h e r i t a n c e  f o r  SERIES from t h e  VLBI t r a d i t i o n  i s  a n  i r r e v e r e n c e  
f o r  trcodesw; indeed, i t  has  been s a i d  that no one knows t h e  code being 
b r o a d c a s t  by t h e  q u a s a r s ,  b u t  t h a t  h a s  n o t  k e p t  them f r o m  b e i n g  
s u c c e s s f u l l y  used. 

The SERIES technique,  then,  is b u i l t  around a novel GPS r e c e i v e r ,  one 
t h a t  d o e s  n o t  h a v e  a p r e s e t  bit s t r e a m  g e n e r a t o r  i n s i d e ;  t h e r e  i s  
n o t h i n g  c o r r e l a t i n g  w i t h  t h e  r e c e i v e d  s i g n a l .  I n s t e a d ,  t h e  SERIES 
r e c e i v e r  c o l l a p s e s  t h e  rece ived  spread  spectrum s i g n a l ,  e x t r a c t i n g  t h e  
t r a n s i t i o n s  o f  t h e  s p a c e b o r n e  pseudorandom code  g e n e r a t o r .  These 
t r a n s i t i o n s  provide t h e  event  common t o  both s t a t i o n s  f o r  t h e  baseline 
parameter  e s t ima t ion ,  t h e  primary SERIES app l i ca t i on ,  
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EXPERImNTAL OBSERVATION 

The s i t u a t i o n  f o r  a SERIES experiment  i s  ind i ca t ed  i n  FIGURE 1. A GPS 
s a t e l l i t e  i s  shown i l l u m i n a t i n g  two SERIES s t a t i o n s ,  e a c h  w i t h  a 
r u b i d i u m  s t a n d a r d .  I n  t h i s  case, t h e  s t a n d a r d s  a r e  assumed t o  be 
s y n c h r o n i z e d ,  t h u s  t h e i r  t i c k s  a r e  s h o w n  a l i g n e d  v e r t i c a l l y .  
Moreover, a t  t h e  moment depic ted ,  e x a c t l y  an i n t e g r a l  number of  h a l f  
wave l e n g t h s  of t h e  t r a n s i t i o n  f i t  between t h e  s a t e l l i t e  and t h e  lower  
s t a t i o n  an t enna .  For  t h e  assumed c a s e  o f  no p h a s e  d e l a y s  i n  t h e  
r e c e i v e r ,  t h e  s q u a r e  wave o u t p u t  o f  t h e  SERIES r e c e i v e r  i s  i n  p h a s e  
wi th  t h e  rece ived  t r a n s i t i o n  and wi th  its s t a t i o n  clock. 

Note t he  second s t a t i o n ' s  r e c e i v e r  output.  A non-integral  number of  
w a v e l e n g t h s  f i t  i n  t h e  p a t h  b e t w e e n  t h e  s a t e l l i t e  and  t h e  an t enna .  
With t h e  assumed z e r o  d e l a y  i n  t h e  r e c e i v e r ,  t h e  s q u a r e  wave o u t p u t  
h a s  a phase  s h i f t  r e l a t i v e  t o  i t s  own s t a t i o n  c lock .  Each s t a t i o n ' s  
measured  r e c e i v e r  phase  i s  r e c o r d e d .  Dur ing  d a t a  r e d u c t i o n ,  t h e  
r e c e i v e r  p h a s e s  measured  a t  t h e  same time a t  t h e  two s t a t i o n s  a r e  
differenced.  This  phase d i f f e r ence  i s  modeled as propagat ion de lay  due 
t o  t h e  p r o j e c t i o n  o f  t h e  b a s e l i n e  o n t o  t h e  l i n e  o f  s i g h t  t o  t h e  
s a t e l l i t e .  I n  add i t i on ,  since t h e  two s t anda rds  are never synchronized 
i n  phase or  frequency, e f f e c t s  o f  t he se  two o f f s e t s  a r e  p re sen t  i n  t h e  
d i f f e r e n c e  d a t a  and  mus t  be s o l v e d  f o r  i n  t h e  p a r a m e t e r  e s t i m a t i o n .  
It i s  t h e  e s t i m a t i o n  of t he se  e f f e c t s  t h a t  pe rmi t s  t h e  SERIES techni -  
que t o  provide t ime  synchronizat ion.  

Each s q u a r e  wave coming f r o m  t h e  r e c e i v e r  l o o k s  l i k e  any  o t h e r ,  s o  
t h e r e  i s  a n  a m b i g u i t y  a s  t o  j u s t  which  e v e n t  i n  t h e  t r a i n  o f  s q u a r e  
waves  e i t h e r  s t a t i o n  saw. T h i s  a m b i g u i t y  c a n  be removed e i t h e r  by 
adequate p r i o r  knowledge of t h e  b a s e l i n e  o r  by a f u l l e r  t r ea tmen t  o f  
t h e  d a t a  a s  a Dopp le r  d i f f e r e n t i a l  p o s i t i o n i n g  problem. Fo r  t h e  
demonstrat ion g o a l s  of  t he  c u r r e n t  SERIES t ask ,  t h e  a p r i o r i  b a s e l i n e  
d a t a  was provided a t  about t h e  100 meter l eve l .  The Doppler approach 
is being implemented and is  expected t o  remove t h i s  requirement  f o r  
t h e  SERIES system, 

PORTABLE STATION 

Figure  2 shows t h e  s t a t i o n  used i n  t h e  SERIES system. One such s i n g l e  
man s t a t i o n  i s  p l a c e d  a t  e a c h  end  o f  t h e  l i n e  t o  be measured.  The 
camper s h e l l  is r equ i r ed  f o r  s h e l t e r  but is  no t  very f u l l .  The whole 
s y s t e m  o c c u p i e s  t h r e e  h a l f - e l e c t r o n i c  e q u i p m e n t  r a c k s ,  a t o t a l  o f  
a b o u t  e i g h t y  i n c h e s  of f r o n t  p a n e l  space .  The r e c e i v e r  t a k e s  e i g h t  
i n c h e s ,  t h e  rest  i s  t a k e n  up by o f f - t h e - s h e l f  i tems f o r  t h e  d a t a  
s y s t e m  s u c h  as a n i n e  t r a c k  tape deck ,  a c o m p u t e r ,  t h e  HP5370A Time 
I n t e r v a l  Coun te r  which  i s  t h e  ma in  measurement  d e v i c e  and t h e  
s t a t i o n ' s  rubidium standard, 



Behind  t h e  camper  i s  t h e  s y s t e m  a n t e n n a ,  which  i s  r o l l e d  o v e r  t h e  
marker d e f i n i n g  t h e  end of t h e  basel ine.  A s t y l u s  drops  from the  base 
o f  t h e  mount i n  o r d e r  t o  m e a s u r e  any  g e o m e t r i c  o f f s e t  f rom t h e  
in tended  posi t ion.  Above t h e  wagon and pedes t a l  a r e  t h e  t e l e v i s i o n  pan 
and t i l t  mount f o r  s t e e r i n g  t h e  a n t e n n a ,  t h e  d i s h  o r  main  r e f l e c t o r  
and f i n a l l y  t h e  feed and ground plane. The d i s h  i s  a homemade a f f a i r  
of  ben t  aluminum and h a l f  inch wire mesh, The feed  i s  a h e l i x  wound 
on  a 1602. p l a s t i c  d r i n k i n g  cup  and  t h e  ground p l a n e  i s  a 10  i n c h  p i e  
pan. 

BASELINE ESTIMATION 

Whatever  d o u b t s  t h a t  may have  been  r a i s e d  a b o u t  t h e  s e r i o u s n e s s  o f  
t h i s  e f f o r t  should be a l l a y e d  by F igure  3, which d e p i c t s  how well t h e  
p a r a m e t e r  e s t i m a t i o n  p r o c e s s  t r e a t e d  t h e  observa t ions ,  This  f i g u r e  
shows  t h e  p l o t  o f  t h e  r e s i d u a l s  t o  t h e  d a t a  t a k e n  o n  t h e  2 4 t h  o f  
August, 1982; t h e  other experiment  t o  da t e ,  on t h e  23rd of  August, had 
s i m i l a r  r e s u l t s .  The b a s e l i n e  b e i n g  measured a t  t h e  time o f  t h e s e  
experiments  was approximately 21 k i l o m e t e r s  long, a t  JPLfs Goldstone 
t r a c k i n g  complex  i n  S o u t h e r n  C a l i f o r n i a .  The c o m p u t e d  p h a s e  
d i f f e r e n c e  was d e r i v e d  f rom t h e  five p a r a m e t e r  s o l u t i o n :  t h e  t h r e e  
dimensional  vec to r  between the  s t a t i o n s ,  t h e  epoch o f f  set between t h e  
s t a t i o n  c locks  and t h e  frequency o f f s e t  between those  clocks. P l o t t e d  
on a f u l l  scale o f  4 nanoseconds a r e  101 r e s i d u a l s ,  which have a n  RMS 
s c a t t e r  of  "6 nanoseconds, t y p i c a l  f o r  experiments  run  f o r  t h i s  base- 
l i n e .  Whi le  t h e y  a r e  n o t  i d e n t i f i e d  i n  t h e  f i g u r e ,  o b s e r v a t i o n s  o n  
a l l  f i v e  GPS s a t e l l i t e s  a r e  presen t ,  normally one a f t e r  t h e  o t h e r  f o r  
good sampling o f  t h e  base l ine  components. This  e s t i m a t i o n  was l i m i t e d  
t o  t h e  two and a q u a r t e r  hours  t h a t  all f i v e  s a t e l l i t e s  were i n  common 
vf ew. 

The time a t  which t h e  epoch o f f s e t  e s t i m a t e  is  c o r r e c t  is  t h e  s t a r t  of  
t h e  o b s e r v a t i o n  r u n ;  t h i s  was  chosen  a s  t h e  t i m e  t o  e x p r e s s  t h e  
in te rcompar i son  r e s u l t s  and is  i n d i c a t e d  on t h e  r e s i d u a l  p l o t  by t h e  
v e r t i c a l  arrow. Also on t h e  r e s i d u a l  p l o t  are two gaps,  t h e  first f o r  
a t r a v e l i n g  c l o c k  v i s i t  t o  s t a t i o n  A ,  and a g a i n ,  h a l f  a n  hou r  l a t e r ,  
f o r  a v i s i t  t o  s t a t i o n  B. 

CALIBRATIONS 

The t r a n s i t i o n s  e x t r a c t e d  by t h e  SERIES r e c e i v e r  a r e  found  i n  t h r e e  
g u i s e s  a s  b r o a d c a s t  by e a c h  GPS s a t e l l i t e ,  one  a t  1.023 MHz. on  t h e  
u p p e r  b r o a d c a s t  f r e q u e n c y ,  d e s i g n a t e d  L1, and two  a t  10.23 MHz., one  
on L1, and a second on t h e  lower frequency, des igna ted  L2. A measure- 
ment  of t h e  d e l a y  f rom t h e  L1 10.23 MHz. t r a n s i t i o n  t o  t h a t  on L 2  
pe rmi t s  a d i r e c t  c a l i b r a t i o n  of t h e  ionospher ic  de lay  a l ang  t h e  l i n e  
o f  s i g h t  t o  t h e  s a t e l l i t e ,  much a s  i n  t h e  s t a n d a r d  GPS ( t w o  c h a n n e l )  
r e c e i v e r .  The S E R I E S  s y s t e m  o b t a i n s  t h i s  c a l i b r a t i o n  f o r  e a c h  
observat ion,  removing ionosphe r i c  delay as an  e r r o r  source,  



Because t h e  SERIES system was no t  designed f o r  time synchroniza t ion ,  
two a n c i l l a r y  measurements were r e q u l r e d  f o r  a b s o l u t e  c lock  d i f f e r e n c e  
measurements .  Dur ing  e a c h  day ' s  e x p e r i m e n t ,  t h e  p h a s e s  o f  c e r t a i n  
l o c a l  o s c i l l a t o r s  a t  e a c h  s t a t i o n  were measured  r e l a t i v e  t o  t h e  
s t a t i o n  c lock  us ing  t h e  same Time I n t e r v a l  Counter as was used f o r  t h e  
o the r  phase measurements. 

I n  add i t i on ,  i t  was necessary t o  measure t h e  d i f f e r e n t i a l  t o t a l  de lay  
t h r o u g h  t h e  two s t a t i o n s .  T h i s  c a l i b r a t i o n  was made on  t h e  2 5 t h  o f  
August. Both s t a t i o n s  were l o c a t e d  a t  S t a t i o n  A and  o p e r a t e d  a s  on  
o t h e r  occasions,  except  t h a t  t he  geometry was known and the  c lock  b i a s  
was  e l i m i n a t e d  by o p e r a t i n g  b o t h  s t a t i o n s  f rom t h e  same f r e q u e n c y  
standard. The parameter  e s t i m a t i o n  r e s u l t s  were used t o  d e r i v e  t h e  
d i f f e r e n t i a l  t o t a l  s y s t e m  de l ay .  Again, w d l f  f e r e n t i a l n  i s  used  
b e c a u s e  t h e  a b s o l u t e  s y s t e m  d e l a y  i s  n o t  o b t a i n e d  b u t  o n l y  t h e  
d i f f e r e n c e  between t h e  two s t a t i o n s .  The system d i f f e r e n t i a l  a s  w e l l  
a s  t h e  second day's s i n g l e  cyc l e  ambigui ty  were app l i ed  t o  o b t a i n  t h e  
f i n a l  SERIES va lue  f o r  t h e  s t a t i o n  c lock  o f f s e t s .  

TRAVELING CLOCK 

The i n d e p e n d e n t  v e r i f i c a t i o n  o f  t h e  s t a t i o n  o l o c k  o f f a e t s  was a 
t r a v e l i n g  c lock  measurement. The measurement s e t u p  i s  i n d i c a t e d  i n  
F i g u r e  4 ,  w i t h  t h e  t r a v e l i n g  c l o c k  v i s i t i n g  s t a t i o n  A. The HP5370A 
Time I n t e r v a l  Counter (TIC)  measures t h e  o f f s e t  between t h e  hos t  c lock  
and t h e  t r a v e l i n g  clock. (By way of  comparison, the f i g u r e  no t e s  t h e  
u s e  of t h e  TIC f o r  t h e  b a s e l i n e  e s t i m a t i o n  s e t u p ;  i n  t h i s  c a s e ,  t h e  
TIC is  s t a r t e d  on t h e  hos t  c lock  t i c k  and s topped a t  a predetermined 
po in t  on t h e  r e c e i v e r  ou tpu t  waveform.) 

F i g u r e  5 p r e s e n t s  t h e  t r a v e l i n g  c l o c k  d a t a  f o r  t h e  2 4 t h  of August. 
Each d o t  p l o t s  t h e  a v e r a g e  o f  100 measu remen t s  o f  t h e  time d e l a y  
be tween  t h e  1 Hz. o u t p u t s  o f  t h e  s t a t i o n  c l o c k  and  t r a v e l i n g  c lock .  
T y p i o a l  RMS d e v i a t i o n s  of e a c h  o f  t h e  100 m e a s u r e m e n t s  were a h a l f  
nanosecond.  The l i n e s ,  h e r e  hand drawn,  d e p i c t  t h e  f i t  t o  t h e  d a t a  
taken a t  each s t a t i on .  A t h i r d  o rde r  polynomial was used i n  o rde r  t o  
i n t e r p o l a t e  t h e  two s t a t i o n  c lock  o f f s e t s  t o  a common epoch. The RMS 
e r r o r s  t o  t h e  f i ts  were about  a h a l f  nanosecond. The common epoch f o r  
t h i s  day 's  i n t e r c o m p a r i s o n  w i t h  t h e  parameter  e s t i m a t i o n  r e s u l t s  is  
i n d i c a t e d  by t h e  v e r t i c a l  arrow. Note t h a t  the  1300 nanosecond o f f s e t  
e x c e e d s  t h e  SERIES a m b i g u i t y  i n t e r v a l  o f  997 nanoseconds .  One 
ambigui ty  i n t e r v a l  was added t o  t he  parameter  e s t i m a t e  f o r  t h i s  date. 

The s e q u e n c e  of d a t a  p o i n t s ,  a l t e r n a t i n g  b e t w e e n  t h e  two s t a t i o n s ,  
shows t h e r e  were two and a h a l f  round t r i p s  f o r  t h e  t r a v e l i n g  clock;  
the same was done on t h e  23rd. The e f f o r t  spen t  on t h e  repea ted  t r i p s  
gave  u s  c o n f i d e n o e  t h a t  t h e r e  were no c l o c k  b r e a k s  i n  t h e  t r a v e l i n g  
c lock .  P a i n s  were t a k e n  i n  t h e  measurement  t e c h n i q u e  t o  i n s u r e  



r e p e a t a b i l i t y ,  such as us ing  d i g i t a l  vo l tme te r  s e t t i n g s  t o  de f ine  t h e  
r e f e r ence  p o i n t s  on t h e  c lock  ou tpu t  wave forms, and us ing  the  same 
c a b l e s  f o r  c o n n e c t i n g  t h e  t r a v e l i n g  c l o c k  a t  e a c h  s t a t i o n .  The 
t r a v e l i n g  c l o c k  measurement  can  be s e e n  t o  be a c c u r a t e  t o  a b o u t  0.5 
nanosecond. This  is  reasonable  performance f o r  t h e  HP 506 A Rubidium 
s t a n d a r d  w i t h  ( d e l t a  f ) / f  a t  o n e  hundred  s e c o n d s  o f  5 ~ 1 0 - ' ~ ,  g i v e n  a 
mean of about 10 minutes between measurements: 

( 5 x 1 0 ~ ~ 3 )  x  lOmin x  60sec/min x square  r o o t ( 2  c l acks )  = 0 .4~10-~sec .  

RESULTS 

The r e s u l t s  a re  t a b l e d  i n  F i g u r e  6. The second co lumn c o n t a i n s  t h e  
SERIES determined o f f s e t  between the  two s t a t i o n  c locks  a t  t he  d a t e  
and  t ime l i s t e d  i n  t h e  f i r s t  column. The t h i r d  co lumn c o n t a i n s  t h e  
t r a v e l i n g  clock e s t i m a t e  of t h e  c lock  o f f s e t s ,  i n t e r p o l a t e d  by means 
o f  t h e  p o l y n o m i a l  t o  t h e  time shown i n  t h e  f i r s t  column. The 
d i f f e r ence  between t h e  methods was .6 nanoseconds f o r  t h e  first day 
and -.6 nanoseoonds f o r  t h e  second. 

I n  summary, t h e  subnanosecond i n t e r c o m p a r i s o n  o f  t h e  c l o c k  o f f s e t s  
shows  t h e  S E R I E S  t e c h n i q u e  t o  have  more t h a n  j u s t  p r o m i s e  a s  a n  
e c o n o m i c a l  and  f l e x i b l e  method for time s y n c h r o n i z a t i o n  with 
performance t h a t  w i l l  no t  degrade should t he  s a t e l l i t e  codes involved 
pas s  from p u b l i c  access. 

The a u t h o r s  would l i k e  t o  acknowledge  t h e  a b l e  a s s i s t a n c e  g i v e n  t o  
t h i s  e x p e r i m e n t  by E a r l  L o b d e l l ,  Sha ron  S c h m i t t ,  Ben Johnson ,  Bob 
Newsted, Mark Smith, and Jess Myers. 















QUESTIONS AND ANSWERS 

MR. D. W .  ALLAN, Nat ional  Bureau of Standards 

One comment and two quest ions: I be1 ieve t h a t  i s  t he  5370 counter, i s  i t  
no t?  

MR. L. A. BUENNAGEL, J e t  Propuls ion Laboratroy 

53 o r  5070, I d o n ' t  know. The d i g i t  i s  a t  t he  wrong place. 

MR. ALLAN: 

Okay, f i n e .  How do you determine the  ephemeris f o r  t he  s a t e l l i t e ?  What 
do you use f o r  t he  ephemeris es t imat ion? 

MR. BUENNAGEL: 

Okay. We have two problems. F i r s t  o f  a l l  i t  i s  a steered antenna, as you 
see, so we need t o  know where t o  po in t .  For tha t ,  t h e  Vandenberg Master 
Control  S ta t i on  provides, on a week o r  two basis depending on when we are 
c a l l i n g  up, e t  cetera, o r b i t a l  parameters which are an almanac c lass  mes- 
sage i n  the  upload. Post facto,  some two weeks o r  so a f t e r  t he  observa- 
t i o n ,  we g e t  a tape from Anderle's group a t  t he  Naval Surface Weapons 
Center. I do n o t  know what t h a t  tape i s ,  and I have quest ions about i t . 
I am a f r a i d  t h a t  i t  i s  t h e  p r e d i c t i o n  tape sent t o  Vandenberg. The hope, 
i n  cont ras t ,  i s  t h a t  r e a l l y  i s ,  as adver t i ted ,  the  5-minute center  pos i -  
t i o n s  o f  t he  s a t e l l i t e s ,  so we use the  post  f a c t o  f o r  t he  ephemeris posi -  
t i o n s  of t he  s a t e l l i t e s .  

MR. ALLAN: 

The second quest ion i s ,  how l a r g e  a base1 i n e  do you t h i n k  you can go up t o ?  

MR. BUENNAGEL: 

This experiment was terminated a t  the  l i n e  shown here by b r ing ing  one end 
of t h e  basel ine back t o  JPL. That 's  171 k i lometers,  a fac tor  o f  e igh t .  
We expect t o  be ab le  t o  do tha t .  Our experience has been t h a t  we do b e t t e r  
t he  f u r t h e r  o u t  we get.  I do no t  want t o  advance an est jmate t h a t  we are 
going t o  move base1 ines f u r t h e r  out.  We ' l l  see what happens. 

DR. KELLOGG, Loc kheed 

When you t a l k  about some nanosecond prec is ion ,  o r  whatever you choose t o  
c a l l  it, the  d i f f e r e n c e  between the  two, you described an antenna b u i l t  
i n  n o t  o n l y  an imprecise manner bu t  one which gave one pause. The d i s -  
tances you a re  measuring are  from the  phase center  of an antenna t o  some 



o the r  source, us ing  VLBI techniques. I s  the  phase center  o f  t h i s  t rack ing ,  
non - r i g id  antenna reproducable w i t h i n  the sub-nanosecond l e v e l ,  con- 
v e r t i n g  t o  the  speed of l i g h t ,  t h a t ' s  a p r e t t y  few cent imeters? 

MR. BUENNAGEL: 

You a re  s t r i k i n g  on an a r t i c l e  o f  f a i t h  o f  t he  VLBI community t h a t  I per-  
sonal l y  have c a l l e d  i n t o  quest ion. The argument goes, suppose the re  i s  
a phase center  n o t  a t  t he  assumed geometric i n t e r s e c t i o n  o f  axes, which i s  
the  s o l u t i o n  po in t .  I f  i t  i s  o f f - a x i s ,  which would be argued aga ins t  on 
the  basis  o f  symmetry, you would n o t  be sampling t h a t  component because i t  
i s  normal t o  t he  i n c i d e n t  r a y  wavefront.  I f  i t  i s  along a x i s  o f  the  an- 
tenna, i t  i s  i n d i s t i n g u i s h a b l e  from a c lock  term, which then i n  t u r n  i s  
lumped i n t o  the  f i n a l  step, namely the  d i f f e r e n t i a l  t o t a l  s t a t i o n  delay 
c a l  i b r a t i o n  requi red.  

So you have fe r re ted  ou t  a n i c e  mat ter .  I have g iven the  doc t r ine ,  
t he  dogma, on how t o  deal w i t h  tha t ,  bu t  I have my doubts, and g iven some 
t ime I want t o  i n v e s t i g a t e  tha t .  

DR. KELLOGG: 

I ' m  g lad  you do. Thank you. 

MR. BUENNAGEL: 

A ques t ion  i n  t he  back? 

MR. J. M. PRZYJEMSKI, Draper Laborator ies 

Have you a t  any t ime measured any of these basel ines using, perhaps, a 
surveying technique? 

MR. BUENNAGEL: 

Yes. We have measured basel ines o f  zero meters ou t  t o  two meters, 150 
meters, and now t h i s  one, which are  i n  f a c t  known t o  th ree  more places than 
I p u t  on t h e  graph. 

MR. PRZYJEMSKI : 

So t h a t  would be a t h i r d  means o f  support ing these t ime t r a n s f e r  r e s u l t s  
t h a t  you have. 

MR. BUENNAGEL: 

The r e s u l t  o f  t he  comparison on t h i s  longest  basel ine i s  i n  agreement w i t h  
the  h y b r i d  of t h e  Nat ional  Geodetic Survey answer and a VLBI measurement 
a long the  base l ine  o f  2.2 cent imeters l eng th  a t  the c u r r e n t  t ime, b u t  
t h a t  r e a l l y  i s  a r e s u l t  t h a t  has t o  be described elsewhere, under o the r  
circumstances. 



MR. PRZYJEMSKI : 

I see. Another comment i s ,  you mentioned t h a t  t he  f u r t h e r  your  base1 ine,  
the  b e t t e r  you f e e l  t he  r e s u l t s  might  be. 

MR. BUENNAGEL : 

No, j u s t  t he  b e t t e r  they appear t o  be. 

MR. PRZYJEMSKI : 

They appear t o  be. Would you f e e l  t h a t  your  a b i l i t y  t o  measure o r  cornpen-. 
sa te  f o r  d i f f e r e n t i a l  ionospher ic  delays might  cause you t o  have a greater  
e r r o r  w i t h  increas ing  base l ine  length .  

MR. BUENNAGEL: 

I n  f a c t ,  none of the  so lu t i ons  t o  date have used the  ionosphere c a l i b r a t i o n  
de lay  information. This  s i x - ten ths  of a nanosecond agreement t h a t  we have 
here doesn't  use t h a t  information. Moreover, i t  doesn ' t  use any k i n d  o f  
atmosphere co r rec t i on .  A t  Goldstone t h a t  may n o t  be so t e r r i b l e ,  because 
i t  i s  very  dry, i t s  l e v e l ,  the  winds are  s t i l l .  I t  i s  obvious t h a t  t he  
more we push t h i s ,  the  more we a re  going t o  have t o  use o the r  f oms  of 
data. 

MR. PRZYJEMSKI: 

Did you use L1 N02? 

MR. BUENNAGEL: 

We do r o u t i n e l y  record  t h a t .  I t  was tou ted  as our f i r s t  product  bu t  i n  
f a c t  we d o n ' t  use i t  i n  any of t h a t .  

MR. PRZY JEMSKI : 

C e r t a i n l y  t h a t  would g i ve  you a good r e s u l t  i f  the  base l ine  was shor t ,  
where t h e  d i f f e r e n t i a l  on t h e  ionosphere may have a small o r  n e g l i g i b l e  
e f f e c t  on the  r e s u l t .  

MR. BUENNAGEL: 

We a r e  a 1 i t t l e  b i t  pess im is t i c  r i g h t  now because t h e  noise on the  iono- 
sphere delay i s  worse than the ga in  you ge t  back p u t t i n g  i n  t he  cor rec-  
t i ons .  

MR. PRZYJEMSKI: 

I see. Thank you very much. 



DR. VICTOR REINHARDT, Bendix F ie1 d Engineer ing Corporat ion 

What technique do you use t o  e x t r a c t  t he  t ime t i c k s  w i thou t  knowing t h e  
code? 

MR. BUENNAGEL: 

It i s  descr ibed as a power d i v i d e ,  s h i f t ,  and m u l t i p l y  technique, I t  i s  
documented i n  a pa ten t  a p p l i c a t i o n  on f i l e  under t h e  name o f  Peter  McDoren, 
t h e  person who developed t h i s  technique. I am n o t  a r a d i o  person. I can- 
n o t  go i n t o  t h e  d e t a i l s  o f  t h a t .  I b e l i e v e  t h a t  you can f i n d  t h i s  a p p l i -  
c a t i o n  t h a t  has been documented. 

I would en joy  a ques t ion  from D r .  A l l ey ,  my former employer. 

PROFESSOR ALLEY, U n i v e r s i t y  of Mary1 and 

Thank you. I am a l i t t l e  su rp r i sed  you have such good agreement on t h i s  
t r a v e l i n g  c lock,  A1 . Did you take precaut ions t o  p r o t e c t  i t  du r ing  t h i s  
t r a n s i t ?  

MR. BUENNAGEL: 

I have been a l e r t e d  t o  expect chal lenge on t h a t  s ide.  I am h i d i n g  behind 
t h e  word "agreement" here. You w i l l  n o t i c e  t h a t  t he re  was some r i g o r  used 
here, namely, more than one round t r i p  and more than one day, as I have 
noted. I doubt t h a t  t h e r e  was any p r o t e c t i o n  a t  a l l .  It was placed g e n t l y  
i n  a c a r  and d r i v e n  b u t  beyond t h a t ,  I d i d  no t  make t h e  t r i p  myself so I do 
n o t  know what t h e  p r o t e c t i o n  was. 

PROFESSOR ALLEY: 

I see, Thank you. 

MR. BUENNAGEL: 

D r .  Wink ler? 

DR. WINKLER: 

Two th ings :  The p r i n c i p l e  of c o l l a p s i n g  a pseudo random no ise  code con- 
s i s t s  i n  compensating f o r  t h e  phase modulat ion. I n  case o f  s imple + 180 
degree phase modulat ion, a t  whatever r a t e  and i n  whatever pseudo raiidom 
sequence, i f  you mu1 t i p l y  your  I .F. frequency by two, t he  r e s u l t  w i l l  a1 - 
ways be zero phase angle, whether i t  i s  180 or zero, and e x a c t l y  t he  same 
t h i n g  can be done w i t h  whatever phase modulat ion you have, j u s t  t h a t  i t  
has t o  be more compl icated. This  i n  f a c t  i s  t he  technique which i s  used 



But I have another quest ion:  You have emphasized t h a t  you d o n ' t  need 
the  code b u t  you do need the  epherrneris, and of course i n  t he  moment t he  
code i s  withdrawn I doubt t h a t  you w i l l  have t h e  ephermeris w i t h o u t  being 
author ized.  

MR. BUENNAGEL: 

That, I th ink ,  w i l l  be a p o l i t c a l  quest ion, and t h e  answer thus f a r  has 
been t h a t  because we a re  a n o n t a c t i c a l  user,  t h a t  we may have the  s o l u t i o n  
a f t e r  t he  f a c t ,  two weeks, e t  cetera.  Again, i n  a t a c t i c a l  o r  a r e a l  t ime 
p o i n t  o f  view, t h a t  i s  t e r r i b l e ,  b u t  r e l a t i v e  t o  t he  VLBI experiment t h a t  
runs f o r  days i t s e l f  be fo re  t h e  data i s  gathered, l e t  alone the  s o l u t i o n ,  
2 weeks i s wonderful , 

MR. L. J. RUEGER, JHUIAPL 

I was wondering i f  you cou ld  suppor t  t he  independent phase s t a b i l i t y  o f  
these rub id ium standards t o  t h a t  q u a l i t y  a c t u a l l y  as independent t ime 
pieces, because h a l f  a nanosecond over  t h a t  l eng th  o f  t ime i s  r e a l l y  q u i t e  
remarkable. 

MR. BUENNAGEL: 

Again, I am h i d i n g  behind t h e  word "agreement". I am f a m i l i a r  w i t h  docu- 
mented proper t ies ,  e t  cetera,  b u t  I t h i n k  we have something, 

DR. V I G :  

Thank you f o r  a most i n t e r e s t i n g  paper, as evidenced by the  number of 
quest ions. 




